Panhandle PCR amplifies genomic DNA with known 5 and unknown 3 sequences from a template with an intrastrand loop schematically shaped like a pan with a handle. We used panhandle PCR to clone MLL genomic breakpoints in two pediatric treatment-related leukemias. The karyotype in a case of treatment-related acute lymphoblastic leukemia showed the t(4;11)(q21;q23). Panhandle PCR amplified the translocation breakpoint at position 2158 in intron 6 in the 5 MLL breakpoint cluster region (bcr). The karyotype in a case of treatment-related acute myeloid leukemia was normal, but Southern blot analysis showed a single MLL gene rearrangement. Panhandle PCR amplified the breakpoint at position 1493 in MLL intron 6. Screening of somatic cell hybrid and radiation hybrid DNAs by PCR and reverse transcriptase-PCR analysis of the leukemic cells indicated that panhandle PCR identified a fusion of MLL intron 6 with a previously uncharacterized sequence in MLL intron 1, consistent with a partial duplication. In both cases, the breakpoints in the MLL bcr were in Alu repeats, and there were Alu repeats in proximity to the breakpoints in the partner DNAs, suggesting that Alu sequences were relevant to these rearrangements. This study shows that panhandle PCR is an effective method for cloning MLL genomic breakpoints in treatment-related leukemias. Analysis of additional pediatric cases will determine whether breakpoint distribution deviates from the predilection for 3 distribution in the bcr that has been found in adult cases.
DNA topoisomerase II catalyzes transient cleavage and rejoining of both strands of the DNA double helix (1) . Epipodophyllotoxins form a complex with the DNA and DNA topoisomerase II, decrease DNA rejoining, and cause chromosomal breakage (2) . Epipodophyllotoxins and other DNA topoisomerase II inhibitors are associated with leukemias with translocations of a breakpoint cluster region (bcr) of the MLL gene at chromosome band 11q23 (3) (4) (5) (6) (7) (8) (9) (10) . One suggested model for the translocations involving MLL entails DNA topoisomerase II-mediated chromosomal breakage followed by fusion of DNA free ends from different chromosomes through DNA repair (11) . A better understanding of the translocation mechanism may come through genomic breakpoint cloning in many other cases.
However, MLL genomic breakpoint cloning by PCR is difficult because MLL has myriad partner genes, and karyotype analysis does not detect the rearrangement or give information about potential translocation partners in onethird of cases (8) . Other rearrangements result from partial duplication of several exons of the MLL gene (12) (13) (14) (15) (16) (17) (18) (19) . Panhandle PCR amplifies genomic DNA with known 5Ј and unknown 3Ј sequences and does not require specific primers for the many partner genes of MLL (20, 21) . In the present study, we used panhandle PCR to surmount the problem of MLL genomic breakpoint cloning in two pediatric DNA topoisomerase II inhibitor-related leukemias. To validate the method, we first used panhandle PCR in a treatment-related leukemia in which the cytogenetic location of the partner DNA was known. We then applied the method to amplify a breakpoint involving unknown partner DNA.
MATERIALS AND METHODS
The Institutional Review Board at the Children's Hospital of Philadelphia approved the use of leukemic marrow specimens for this research. Table 1 summarizes demographic, clinical, morphologic, and cytogenetic features for the two patients.
Detection of MLL Gene Rearrangements by Southern Blot Analysis. Genomic DNAs were examined by Southern blot analysis for rearrangement of the 8.3-kb BamHI fragment encompassing the bcr. We previously reported on the MLL gene rearrangement in the leukemia of patient 13 (8) . Hybridization of BamHI-digested DNAs with the B859 MLL cDNA probe spanning exons 5-11 (22) was as described (8) .
Panhandle PCR Amplification of MLL Genomic Breakpoints on der(11) Chromosomes. High molecular weight genomic DNAs were isolated by ultracentrifugation on 4-M GITC-5.7M CsCl gradients (23) . Five micrograms of genomic DNA containing known MLL sequence juxtaposed to unknown partner DNA was digested to completion with 40 units of BamHI (New England Biolabs) to create a 5Ј overhang. The DNA was treated with 0.05 units of calf intestinal alkaline phosphatase (Boehringer Mannheim) at 37°C for 30 min and purified using a GENECLEAN III kit (Bio 101).
Next, a single-stranded 5Ј phosphorylated oligonucleotide (5Ј-GAT CGA AGC TGG AGT GGT GGC CTG TTT GGA TTC AGG-3Ј) was ligated to the 3Ј ends. The 4-base 5Ј end of the oligonucleotide was complementary to the 5Ј overhang of BamHI-digested DNA but would not reconstitute the BamHI site upon ligation. The 32-nucleotide 3Ј end of the oligonucleotide was complementary to nucleotide positions 92-123 in the published sequence of MLL exon 5 (22) . The 50-l ligation reaction mixture contained 2.5 g of DNA, a 50-fold molar excess of the 5Ј phosphorylated oligonucleotide, 1 Weiss unit of T4 DNA ligase, and 1ϫ ligase buffer (Boehringer Mann-Abbreviations: bcr, breakpoint cluster region; AML, acute myeloid leukemia; RT-PCR, reverse transcriptase-PCR; ALL, acute lymphoblastic leukemia. Data deposition: The sequences reported in this paper have been deposited in the GenBank database (accession nos. AF024540-AF024543). ¶ To whom reprint requests should be addressed. e-mail: felix@kermit. oncol.chop.edu. heim). Ligations were performed overnight at 16°C. The DNA again was purified using a GENECLEAN III kit.
To form the template, a 200-ng aliquot of the digested, ligated DNA was added to 1.75 units of Taq͞Pwo DNA polymerase mix, 385 M each dNTP, and PCR buffer at 1.1ϫ final concentration in 45-l reaction mixtures (Expand Long Template PCR System, Boehringer Mannheim). Reaction mixtures were preheated to 80°C before addition of the DNA to prevent nonspecific annealing and polymerization (21) . Upon addition of the DNA, reaction mixtures were heated at 94°C for 1 min to make the template single-stranded by heat denaturation (21) . The sense strand would become the template strand for PCR. Formation of the handle was accomplished during a 2-min ramp to 72°C and incubation at 72°C for 30 s, which promoted intrastrand annealing of the ligated oligonucleotide to the complementary sequence in MLL exon 5 and polymerase extension of the recessed 3Ј end (21) .
With the breakpoint junction and unknown partner DNA within an intrastrand loop or pan, the next step was to add primers and thermal cycle. Primer 1 from MLL exon 5 (5Ј-TCC TCC ACG AAA GCC CGT CGA G-3Ј) was upstream to the MLL sequence that was complementary to the ligated oligonucleotide. Primer 2, also from MLL exon 5 (5Ј-TCA AGC AGG TCT CCC AGC CAG CAC-3Ј), was between the MLL sequence that was complementary to the ligated oligonucleotide and the breakpoint junction. The 50-l final PCR mixtures contained 12.5 pmol of each primer, 350 M each dNTP, and 1ϫ PCR buffer. After initial denaturation at 94°C for 1 min, 10 cycles at 94°C for 10 s and 10 cycles at 68°C for 5 min and 20 cycles at 94°C for 10 s and 68°C for 5 min (increment 20 s͞cycle) were utilized, followed by final elongation at 68°C for 7 min. Nested PCR was performed using the same conditions and a 1-l aliquot of the initial PCR as template DNA. MLL exon 5 primers for nested PCR were 5Ј-A GCT GGA TCC GGA AAA GAG TGA AGA AGG GAA TGT CTC GG-3Ј and 5Ј-A GCT GGA TCC GTG GTC ATC CCG CCT CAG CCA C-3Ј.
Subcloning and Sequencing Panhandle PCR Products. Panhandle PCR products from leukemia DNAs were sizeseparated in 2% agarose gels and subcloned into the BamHI site of pBluescript SK II (Stratagene). Individual genomic subclones were sequenced by automated methods to identify the breakpoints and characterize the partner DNAs.
Direct Sequencing of MLL Genomic Breakpoints. Genomic sequences of panhandle PCR products were used in the design of primers encompassing the respective breakpoints. Two hundred nanograms of genomic DNA from the leukemic cells were amplified in 50-l PCR mixtures with 0.5 units of Taq Gold DNA polymerase, 250 M each dNTP, PCR buffer at 1ϫ final concentration (Perkin-Elmer), and 5 pmol each primer. For the leukemia of patient 33 with the t(4;11), forward and reverse primers were 5Ј-GCA CAG TGA CAC ACA GTT GCT-3Ј and 5Ј-CAA CAC CCC AAG ACC TTG TC-3Ј, respectively, and would yield a 336-bp product. In the case of patient 13, forward and reverse primers were 5Ј-GTA ATC CTA GCT ACT TGG GAG GCT-3Ј and 5Ј-TGA GGG ACT TCA AAG AAT TAC ACA-3Ј, respectively, and would give a 288-bp product. After initial denaturation and Taq Gold activation at 95°C for 10 min, 35 cycles at 94°C for 15 s, 55°C for 15 s, and 72°C for 1 min were utilized, followed by a final elongation at 72°C for 10 min. Products of reactions performed in duplicate for each primer set were isolated from a 1.5% agarose gel using a GENECLEAN II kit. Approximately 100 ng of pooled, purified PCR products was used for each sequencing reaction. Sequencing was performed in both directions by automated methods.
Localization of Partner DNAs. To determine the chromosomal location of the partner DNA in the case of patient 33, a panel of radiation hybrid DNAs was screened by PCR. In the case of patient 13, panels of somatic cell hybrid DNAs and radiation hybrid DNAs were screened by PCR. The Stanford G3 radiation hybrid panel (Research Genetics, Huntsville, AL) and somatic cell hybrid DNAs from the Bios (New Haven, CT) panel were used in these experiments (Bios Laboratories).
The 20-l PCR mixtures contained 25 ng of DNA, 0.5 unit of AmpliTaq DNA polymerase, 250 M each dNTP, PCR buffer at 1ϫ final concentration (Perkin-Elmer), and 5 pmol of each primer. In the case of patient 33, forward and reverse primer sequences were 5Ј-GCC CAA GAG GAA AGC ATA AA-3Ј and 5Ј-TGA AAA CAA GGA GGA ACA GGA-3Ј, respectively, and would give a 159-bp product. In the case of patient 13, forward and reverse primer sequences were 5Ј-GGT GCA ACA TTA AGA CCT TGG-3Ј and 5Ј-ATC AAA TGA GGA GGC CAC AG-3Ј, respectively, and would give a 222-bp product. After initial denaturation at 94°C for 9 min, 35 cycles at 94°C for 1 min, 55°C for 1 min, and 72°C for 2 min were performed, followed by a final elongation at 72°C for 7 min. PCR mixtures were electrophoresed in VisiGel Separation Matrix (Stratagene).
For the somatic hybrid screen, reaction mixtures yielding products were compared with the known human chromosome complement of the somatic hybrid panel to determine the location of the partner DNA. For the radiation hybrid screens, reactions yielding products and reactions without products were scored as 1 and 0, respectively. Results were submitted to the radiation hybrid server of the Stanford Human Genome Center to determine the locations of the partner DNAs.
Reverse Transcriptase-PCR (RT-PCR) Analysis. RT-PCR analysis was performed to evaluate whether the fusion in the acute myeloid leukemia (AML) of patient 13 was an MLL partial duplication. We used the Superscript Preamplification System and an antisense primer from MLL exon 3 (12, 13) for synthesis of first strand cDNA from 1 g of total RNA by the gene-specific primer method (GIBCO͞BRL). A ␤-actin antisense primer (5Ј-CAG AGG CGT ACA GGG ATA GC-3Ј) was used to synthesize first strand cDNA as a positive control.
The 100-l initial RT-PCR mixtures contained 2-l first strand cDNA, 2.5 units of AmpliTaq DNA polymerase, 200 M each dNTP, PCR buffer at 1ϫ final concentration (Perkin-Elmer), and 20 pmol each primer. The forward and reverse primers from MLL exons 5 and 3, respectively, have been described (12, 13) . For the ␤-actin control, the forward and reverse primers were 5Ј-GGC ATC CTC ACC CTG AAG TA-3Ј and 5Ј-CAG AGG CGT ACA GGG ATA GC-3Ј, respectively, and would yield a 250-bp product. After initial denaturation at 94°C for 5 min, 35 cycles at 94°C for 1 min, 53°C for 1 min, and 72°C for 1 min were performed, followed by a final elongation at 72°C for 7 min. Nested RT-PCR were performed for MLL but not for ␤ actin. A 1-l aliquot of the initial RT-PCR mixture was used as template, and sense and antisense primers were from MLL exons 6 and 3, respectively (12, 13) . Conditions were the same as for initial RT-PCR except that only 30 cycles were performed, and the annealing temperature was 60°C.
RT-PCR mixtures were electrophoresed in VisiGel Separation Matrix (Stratagene) to visualize the products. Products of reactions performed in triplicate were electrophoresed in 2% agarose and gel-purified for sequencing using a GENECLEAN III kit. Twenty-five nanograms of purified RT-PCR products was used for direct automated sequencing with the same forward and reverse MLL primers as those used for nested RT-PCR.
RESULTS
Panhandle PCR Amplifies Genomic Translocation Breakpoint in Treatment-Related Acute Lymphoblastic Leukemia (ALL) with t(4;11)(q21;q23). Southern blot analysis of the ALL of patient 33 with the t(4;11)(q21;q23) revealed 7-and 2.5-kb rearrangements with the B859-BamHI probe-restriction enzyme combination (Fig. 1) . Fig. 2A shows the products of three separate panhandle PCRs. Panhandle PCR products 2620 bp in size indicated that the 2.5-kb restriction fragment on Southern blot analysis was from the der(11) chromosome. Automated sequencing of three subclones of these products, 38-1, 38-2, and 38-4, identified the MLL genomic breakpoint at nucleotide 2158 in intron 6 in the 5Ј bcr (Fig. 2B) . For further confirmation of the breakpoint sequence, we amplified genomic DNA from the leukemic cells with a primer set encompassing the translocation breakpoint. Direct sequencing verified that nucleotide 2158 was the breakpoint in the MLL bcr.
Sequences of the breakpoint and the partner DNA 3Ј of the breakpoint were the same in all three subclones. The breakpoint in MLL was within an Alu element of the J subfamily (Fig. 2B) . Five hundred sixteen base pairs of sequence 3Ј of the breakpoint represented partner DNA, followed by sequences of the ligated oligonucleotide and the reverse primer used for nested PCR. The partner DNA also contained an AluJ that began 9 bp downstream from the translocation breakpoint (Fig. 2B) . The more 3Ј sequence of the partner DNA was rich in short poly-A and poly-T repeats.
Consistent with the karyotype, screening of the Stanford G3 radiation hybrid panel with PCR primers from the partner DNA indicated that the nearest linked marker to the partner DNA was D4S1542 at chromosome band 4q21. These results validated the panhandle PCR method in a treatment-related leukemia in which the cytogenetic location of the partner DNA was known.
Although the leukemia showed a t(4;11)(q21;q23) translocation, the nonrepetitive partner DNA sequences did not share homology with known genomic sequences of AF-4. However, screening of radiation hybrid panel DNAs previously indicated that the nearest linked marker to the AF-4 gene was also D4S1542 (24) , suggesting that the partner DNA in the treatment-related ALL was derived from either AF-4 or from a genomic sequence in close proximity to AF-4.
Panhandle PCR Identifies MLL Partial Duplication in Treatment-Related AML with 46, XY Karyotype. In the AML in which the karyotype was 46, XY, Southern blot analysis revealed a single 3.5-kb rearrangement in BamHI-digested Table 1 . Arrows show rearrangements. Southern blot analysis in the case of patient 13 has been described (8). (Fig. 1 ). Fig. 3A shows panhandle PCR products 3446 bp in size, consistent with the single rearrangement on Southern blot analysis. Sequencing of subclone 35-1 identified the breakpoint at position 1493 in intron 6 of the MLL bcr. PCR amplification of genomic DNA from the leukemic cells with a primer set encompassing the breakpoint and direct genomic sequencing confirmed that nucleotide 1493 was the rearrangement breakpoint in the MLL bcr. The breakpoint in MLL intron 6 was within an AluS repeat (Fig. 3B) . Two thousand twenty-nine base pairs of sequence 3Ј of the breakpoint were from partner DNA, followed by sequences of the ligated oligonucleotide and the reverse primer used for nested PCR. The partner DNA contained four unique sequence regions, one LINE2 element, and three additional AluS repeats. The breakpoint in the partner DNA was in a unique sequence region (Fig. 3B) .
Single rearrangements on Southern blot analysis sometimes indicate partial duplication of several exons of the MLL gene (12) (13) (14) (15) (16) (17) (18) (19) . However, the partner DNA did not share homology with known genomic sequences of MLL, and the small size of the rearranged BamHI fragment (Fig. 1) was not consistent with other partial duplications analyzed with BamHI (12, 14,  16, 18) . To determine the chromosomal location of the partner DNA, panels of somatic cell hybrid DNAs and radiation hybrid DNAs were screened by PCR. Amplification of a PCR product from cell line 1049 in the somatic cell hybrid panel (Bios) indicated that the partner DNA was on human chromosome 11 (data not shown). PCR amplification of radiation hybrid lines in the Stanford G3 radiation hybrid panel showed that the partner sequence was in the same bin as the framework marker D11S2060 at chromosome band 11q23.3.
We performed RT-PCR analysis on total RNA from the leukemic cells to evaluate whether the fusion was an MLL partial duplication. Nested RT-PCRs with sense and antisense primers from MLL exon 6 and exon 3, respectively, gave a single 228-bp product (Fig. 3C) . Direct sequencing of the products of three separate nested RT-PCRs revealed an in-frame fusion of exon 6 to exon 2 (Fig. 3C) , indicating that panhandle PCR identified an MLL partial duplication that joined intron 6 with intron 1 2029 bp upstream of the intron 1 BamHI restriction site (Fig. 3D) .
DISCUSSION
We show an application of panhandle PCR to amplify genomic breakpoints in treatment-related leukemias with MLL gene rearrangements. The study demonstrates that panhandle PCR is an effective method to clone translocation breakpoints. Rearrangement sizes on Southern blot analysis with the BamHI-B859 combination determined elongation times for panhandle PCR. Additional breakpoint mapping by Southern blot analysis was unnecessary either for design of primers or for design of panhandle PCR conditions. Thus panhandle PCR is practical in treatment-related leukemias with limited DNAs. We obtained panhandle PCR products of sizes predicted by Southern blot analysis of the MLL bcr. Also as predicted, there were no panhandle PCR products from the normal MLL allele because the elongation segment targeted templates smaller than 8.3 kb. We confirmed each translocation breakpoint by the independent method of direct genomic sequencing. This initial success suggests that panhandle PCR will simplify the cloning of additional MLL genomic breakpoints.
Panhandle PCR amplified the translocation breakpoint at position 2158 in the MLL bcr in the treatment-related ALL with cytogenetic t(4;11) translocation. Although AF-4 is the most common partner gene of MLL in leukemias with t(4;11) translocations, most known sequence information on AF-4 is limited to the cDNA (25) whereas AF-4 intronic sequences generally are uncharacterized. The sequence of the partner DNA in the treatment-related ALL did not share homology with known sequences of AF-4. Nonetheless, the closest framework marker to the AF-4 gene (24) and to the partner DNA in the treatment-related ALL was the same. These results suggest that panhandle PCR amplified either a previously uncharacterized intronic region of the AF-4 gene or, alternatively, another genomic region in close proximity to AF-4.
In the treatment-related karyotype-negative AML of patient 13, Southern blot analysis detected a single 3.5-kb rearrangement, and panhandle PCR amplified a product 3446 bp long. Panhandle PCR identified the rearrangement breakpoint at position 1493 in intron 6 in the MLL bcr. Gill-Super et al. described deletion of the 3Ј bcr during translocation as one explanation for single MLL gene rearrangements (26) , but this was not the explanation in the case of patient 13. Another explanation for single MLL gene rearrangements in karyotype-negative de novo leukemias and de novo leukemias with trisomy of chromosome 11 is partial duplication of MLL exons 2-6 or 2-8 (12) (13) (14) (15) (16) (17) (18) (19) . However, most previously reported partial duplications fused MLL intron 6 or intron 8 with intron 1 downstream of the BamHI site in intron 1. This results in rearranged BamHI fragments of much larger size because the distance between the BamHI site in MLL intron 1 and the next BamHI site in MLL exon 5 is 18.5 kb (Fig. 3D) (12, 14, 16, 18, 27) . Moreover, the sequence downstream of the breakpoint in the karyotype-negative treatment-related AML did not share homology with known genomic sequences of MLL.
Nonetheless, screening of somatic cell hybrid and radiation hybrid DNAs by PCR indicated that the DNA downstream of the intron 6 genomic breakpoint originated from chromosome band 11q23.3. Together with the results from Southern blot analysis, the chimeric mRNA on RT-PCR proved that panhandle PCR identified a fusion of MLL intron 6 with MLL intron 1 upstream of the intron 1 BamHI restriction site. The intron 1 breakpoint location differs from the breakpoints in most other partial duplications, which are 3Ј of the BamHI site (Fig. 3D) (12, 14, 16, 18) . Sequencing defined the 2029 bp of MLL intron 1 immediately upstream of the BamHI site, which previously had not been characterized. MLL partial duplications have not been found before in treatment-related leukemias.
In each leukemia in this study, the breakpoint in the MLL bcr was within an Alu repeat. Furthermore, there were homologous Alu repeats of the same subfamilies in the recombining partner DNAs in proximity to each breakpoint. Alu sequences in other genes allow homologous recombination (28) . As Schichman et al. suggested, these findings further argue that homologous Alu repeats in MLL and partner DNAs may be important for these rearrangements (13) . Indeed, another partial duplication in a de novo leukemia involved the same MLL intron 6 AluS repeat as the treatment-related AML of patient 13 in the present study (16) .
In contrast with the clustering of treatment-related breakpoints in the 3Ј bcr that has been found in adults (6), the breakpoint locations determined by panhandle PCR in the pediatric treatment-related leukemias were both in MLL intron 6 in the 5Ј bcr. Both pediatric patients received dactinomycin (Table 1) . Cloning of additional breakpoints by panhandle PCR will address whether specific chemotherapy agents, combined modality therapy, or patient age are determinants of breakpoint location. Molecular cloning of MLL genomic breakpoints previously has been difficult. Panhandle PCR provides a new tool to understand the molecular epidemiology and pathogenesis of leukemias with MLL gene rearrangements.
Note Added in Proof. Since the original submission, we performed RT-PCR analysis on total RNA from the leukemic cells of patient 33 and amplified and sequenced an in-frame MLL exon 6-AF-4 chimeric product, proving that the partner DNA in the t(4;11) was previously uncharacterized AF-4 intronic sequence.
